We experimentally find mechanical properties in uniaxial tension/compression and torsional deformations of the 7901 epoxy resin used as a matrix to fabricate T300/7901 unidirectional (UD) fiber-reinforced composite. A series of off-axis tensile tests on the composite were conducted, and micrographs of the fiber-matrix interface at different load levels, using a Scanning Electron Microscope, taken to ascertain their ultimate tensile strengths. Values of the elasto-plastic parameters for the epoxy determined from the tests, and the handbook values of the fiber parameters were used in a micromechanicsbased bridging model to predict ultimate tensile strengths of off-axis loaded composite by considering stress concentration effects due to debonding at the fiber/matrix interface. For the 30 off-axis loaded laminate, the predicted ultimate strength is found to agree well with that determined experimentally, and the interface debonding occurs before the ultimate failure. The UD composite is assumed to fail when either the fiber or the matrix failure criterion is satisfied. POLYM. COMPOS., 40:2639-2652, 2019
INTRODUCTION
A major challenge in the fiber-reinforced composite community is the prediction of failure initiation and of the ultimate strength of a laminate subjected to an arbitrary load. Many important issues, such as matrix failure/cracking and fiber breakage, relevant to the failure analysis of a laminate cannot be well addressed without knowing stresses in the fiber and the matrix. Another important failure mode of interface debonding requires accurately analyzing deformations at and near the fiber/matrix interface. It is well known that the load carrying capacity of a composite is dominated to a large extent by the fiber/matrix interface characteristics. For a given loading scenario, the load when the interface debonding occurs cannot be well understood without knowing stresses and deformations at and near the fiber/matrix interface. Most current approaches to characterize composite failure are phenomenological, for example, see the world-wide failure exercises (WWFEs) [1, 2] . Furthermore, very few of the micromechanics approaches employed in the exercises directly used as input parameters the constituent properties and the matrix strength provided by the exercise organizers. These were subsequently adjusted using the measured composite data [3] [4] [5] .
Recently, computational micromechanics including multiscale modeling [6] has become a powerful tool to investigate failure mechanisms and predict ultimate strengths of composites subjected to various loads. A UD laminate under off-axis tension loading is frequently used as a benchmark case to assess the efficiency of a developed theory. Table 1 summarizes some such typical attempts.
Zhang et al. [7] used the maximum principal strain failure criterion to predict crack initiation in the matrix, and found that the predicted critical strain was not close to that determined experimentally in uniaxial tensile deformations of the resin. Asp et al. [8] used the dilatational energy density criterion for matrix failure under multi-axial stress states. They developed a Poker-Chip experimental method to find the critical dilatational energy density of a resin. However, the dilatational energy density only considers the sum of the three principal stresses, which equals the sum of the normal stresses on three mutually perpendicular planes. Hence it may not well predict the ultimate strength for an off-axis loaded UD composite because of neglecting shear stresses. Asp et al. ' s simulations showed that the fiber arrangement patterns in a representative volume element (RVE), for example, square, hexagonal and square diagonal, significantly influenced the predicted moduli and strengths [8] . Kumagai et al.
[6] also employed the dilatational energy density criterion by discretizing a UD composite into a series of block elements, and considering each as a localized square RVE. The position and the direction of a crack in a RVE were presumed by using a method developed in Ref. 9 . The critical parameters in the criterion were retrieved from the data of failure tests on the composite, rather than from the experimental data of the resin. Govaert et al. [10] introduced a hybrid experimental/ numerical technique to analyze off-axis tensile strengths of a UD composite. They found critical shear strain when the averaged Cauchy stress in a hexagonal RVE subjected to 10 off-axis tension equaled the measured tensile strength. It is possible that the combined experimental/numerical method improves the model accuracy.
The aforementioned methods did not consider a weak fiber-matrix interface. By a weak interface we mean that initially there is perfect bonding but debonding occurs before the ultimate failure. Experiments have shown that the debonding of a weak interface greatly affects the offaxis tensile properties of UD composites [11] [12] [13] [14] [15] . The interface properties depend not only upon those of the fiber and the matrix, but also on the surface treatment and chemical reactions occurring during the fabrication process [16, 17] .
The interface damage in UD composites has been studied both experimentally [18] and theoretically [19] [20] [21] [22] [23] [24] . Kim et al. [19] and Okabe et al. [20] developed 3D shearlag models to analyze effects of interface debonding on the strength behavior of a UD composite. Okabe et al. [20] considered the size effect of a debonded interface arc length on the response of a UD composite. Using Silling et al.'s [21] peridynamics approach, Kilic et al. [22] found a good agreement between the computed and the experimentally observed crack path in an off-axis loaded UD composite. Vaughan et al. [23] developed a random RVE with 80 fibers to realistically model fiber stacking in a UD composite. They used a traction-separation law to simulate debonding at the interface, and a coupled experimental/analytical technique to ascertain the constitutive and damage parameters for a cohesive zone element (CZE). They qualitatively studied the effect of interface debonding on the transverse strength of a UD composite, but did not report the ultimate strength of off-axis loaded composites. Aghdam et al. [24] using CZEs showed that the off-axis tensile failure was dominated by the interface failure, which was detected by using a criterion based on the radial, the circumferential and the axial stresses at the interface. They selected parameters in the interface constitutive model through a trial and error curve fitting to multi-axial loading test data [25] , and showed good correlation between predicted and experimental off-axis strengths for metal/matrix composites. However, it is generally difficult to obtain the three strength parameters of the interface. Recently, Huang et al. [26] have developed an analytical method to identify the initiation of interface debonding.
Here, we experimentally and numerically find tensile strengths of the off-axis loaded T300/7901 UD composite considering debonding at the fiber/matrix interface. The computational model employs a micromechanics-based bridging model, experimentally determined elasto-plastic mechanical properties of the 7901 matrix and the literature values of the T300 fiber [27] . A series of off-axis tensile tests, and scanning electron microscope micro-graphs of the fiber-matrix interfaces at different load levels are used to identify the load at which the interface debonding occurred. It is found that the predicted and the measured off-axis tensile strengths as well as the load at debonding initiation for the 30 off-axis specimen correlate reasonably well with each other. 
EXPERIMENTAL

UD Composite Material and Specimen Preparation
Sixteen 0.125-mm thick T300/7901 prepregs, containing a nominal fiber volume fraction, of V f = 0.62, of carbon fiber reinforced epoxy polymeric composite were hand laid, and cured for 2.5 h in an autoclave at 120 C temperature and 750 kPa pressure. We calculated the fiber volume fraction from the mass density of the cured T300/7901 UD laminate, constituents' mass densities, and the rule of mixtures. The fiber mass density listed on manufacturer's website is 1.76 g/cm 3 , the measured mass densities of the cured and composites', respectively, equaled 1.20 and 1.547 g/cm 3 . The cured panels were cut with respect to (w.r.t.) fibers at off-axis angles of 0 , 15 , 30 , 45 , 60 , 75
, 90 , and pasted on 1 mm thick protective glass plate at each end of the 20 mm wide specimen, as shown in Fig. 1 , to give the gauge length of 100 mm.
Resin Material and Sample Preparation
The viscosity-temperature, viscosity-time curves at different temperatures, and the heat flow-temperature curves of the 7901 epoxy obtained through Differential Thermal Analysis (DTA) using the Rheometer mars III, Type 006-1385 with heating rate of 5 C/min and Differential Scanning Calorimeter, TA instrument, 970501.901, are exhibited in Fig. 2a- C. In order to guarantee that the epoxy will not cure very fast during the vacuuming and the pouring process, the temperature and the holding time were, respectively, set equal to 80 C and 30 min. The 7901 epoxy was cured by heating it to 120 C, holding the temperature for 150 min, and annealing by keeping it at 120 C for 120 min. The epoxy samples lathed to the 
Tensile Tests on Off-Axis UD Composite
Following ASTM Standard D3039, for each offset angle, six specimens with two L-shaped strain gages affixed on them to measure the axial and the lateral strains were tested on an Electromechanical Universal Testing Machine (WD-20A) at a constant displacement rate of 1.25 mm/min at RT.
We have plotted in Fig. 4 the axial stress vs. the axial strain curves in global coordinates for the composite. The curves are least squares fits to the data averaged for the specimens tested. Whereas the curves for the off-axis angles of 15 and 30 are nonlinear, those for the off-axis angles of 45 , 60
, 75 , and 90 are essentially linear before failure.
We have listed in Table 2 the measured ultimate axial strengths and the axial Young's moduli.
Epoxy Characterization
Following GBT 2567-2008 Standard, the epoxy specimens were tested in uniaxial tension and compression on an Electromechanical Universal Testing Machine (WD-20A) at a constant displacement rate of 1.25 mm/min at RT. Two strain gages bonded to the specimens measured the axial and the lateral strains. To measure shear properties, the specimens were tested in torsion using a micro control torsion testing machine (NDW30500) at a relative angular displacement between the two clamped ends of 50 /min at RT. Test systems are shown in Fig. 5 . The stress-strain curves derived from the test data, averaged over the number of specimens tested, and photos of fractured specimens are exhibited in Fig. 6 . The monolithic epoxy is assumed to be isotropic. Young's modulus, E m , the shear modulus, the ultimate strength, and the hardening parameter found from the test data are listed in Tables 3 and 4 . Both the strengths and the elastic moduli have low standard deviations. The slightly different values of Young's moduli in tension and compression are within experimental errors. Poisson's ratio computed from values of Young's modulus and the shear modulus equals 0.355. We note that Poisson's ratio = 0.5 for an incompressible plastic and isotropic material.
SEM Images
Samples were cut from the UD composite specimens and imaged using a SEM with an acceleration voltage of 20 kV to observe topologies of fractured surfaces. In order to counteract effects of polymer charging in the SEM under high voltage and essentially vacuum conditions, the observed surfaces were sputter-coated with a conductive gold alloy at a deposition current of 15 mA for 3 min.
The micrographs exhibiting the fracture surface and the fiber-matrix interface damage morphology of the tensile specimens are displayed in Fig. 7a . Those images indicated mixed failure modes at the fiber-matrix interfaces and within the matrix. To observe the progressive fiber/matrix interface damage developed in the UD composite during tensile loading, SEM micrographs of the 30 specimens loaded to 30, 50, and 70 MPa axial stress are shown in Fig. 7b-d . We conclude from Fig. 7b that the fiber/matrix interface is perfectly bonded for axial stress = 30 MPa. However, the interface has debonded at the axial stress = 50 MPa, see Fig. 7c . This debonding became clearly discernable in the images taken at high magnification of 5,000×. At the axial stress of 70 MPa, as shown in Fig. 7d , significant interface debonding and localized regions of transverse matrix cracks had developed. Capturing precisely the load when debonding initiated requires taking in situ SEM images as the specimen is being loaded. However, this could not be done because of a lack of such facilities.
Using a smart cell phone, we recorded sound emitted during off-axis tensile loading of a UD laminate. However, we could not capture the precise instant of fiber/matrix debonding initiation.
STRENGTH PREDICTION
Mechanical Stresses in Constituents
We assume that a plane state of stress exists in the laminate. We use rectangular Cartesian coordinate axes with the x 1 -axis along the fiber, and denote the in-plane axial stresses by σ 1 and σ 2 , and the in-plane shear stress by σ 3 .
A composite is a heterogeneous material. We define a stress increment, dσ i , using its value averaged over a RVE by [28] , increments in the fiber and the matrix stresses are related to that in the macroscopic stress by
Superscripts f and m on a quantity signify, respectively, its value for the fiber and the matrix. Furthermore, and S m ij , are given by Hooke's law for the fiber and are computed using the Prandtl-Reuss theory [28] for the matrix.
True Stresses in the Matrix
The homogenized stresses in the matrix computed using Eq. 2b are converted to true values by multiplying them with respective stress concentration factors (SCFs), as indicated below. [26, 29] , whereasK t 22 is given in Appendix A.
ð5d and 5fÞ
In Eq. 5 σ m u,t and σ m u,c are, respectively, the original tensile and compressive strengths of the matrix. Fiber's mechanical stress concentration factor does not exist, due to a uniform stress distribution on its cross section [30] .
Thermal Analysis
The work reported in Refs. [31] [32] [33] [34] has shown that the thermal residual stress (TRS) influences both the nonlinear mechanical response and the failure strength of composites. Ye et al. [31, 32] have developed a micromechanical constitutive model to study macroscopic deformations of composites by considering thermal residual stresses in the RVE constituents. However, they did not present the thermal residual stress influence due to curing at the RT of their material [31] . Their predicted results considering residual stresses well agreed with the experimental findings [32] . Ye et al. [33] have shown that residual stresses noticeably influence the composites failure strength. Shah et al. [35] have proposed an optimized curing cycle to minimize residual stresses developed during the curing process. In this work, we employ Benveniste and Dvorak's [34] analytical stress equations for UD composites to evaluate constituents' thermal residual stresses. We set mechanical stresses equal to zero before applying external loads, assume that constituents deform elastically during the curing process, and find the thermal residual stress in constituents, σ Here r = f(m) for the fiber (matrix), the temperature change ΔT = −100 C corresponding to 120 C curing temperature and 20 C RT, and
where, C r ij h i is the mechanical stress concentration factor of phases found from Eqs. 2a and 2b for the fiber and the matrix, respectively, and α m ij and α f ij are the thermal expansion tensors whose values are taken from [36] . The compliance matric S m ij in Eq. 6b is calculated by using Hooke's law since deformations are assumed to be linearly elastic.
Hence, the initial stresses in the matrix and the fiber in Eqs. 4a-4c before loading equals the thermal residual stresses, that is,
We have listed in Table 6 the residual stresses in the fiber and the matrix. 
Interface Debonding Criterion
For general loading, we postulate that the interface debonds when [26] . 
where, σ 1 m , σ m e , andσ m e are, respectively, the maximum principal tensile, the von Mises and the critical von Mises stresses in the matrix found using the true stresses given by Eqs. 4a-4d, and
Fiber Failure Criterion
A fiber is assumed to fail when the maximum principal stress in the fiber equals its ultimate tensile strength, σ f u,t . That is,
Matrix Failure Criterion
We assume that a matrix point fails when the following Tsai-Wu criterion is satisfied there.
Here σ 
UD Composite Strength
We define the composite strength as the load at which one of its two constituents first fails.
COMPARISON BETWEEN PEDCITED AND EXPERIMENTAL RESULTS
For the fiber and the matrix properties listed in Tables 3-6 , computed values of the interface crack angle, the matrix SCFs K Table 7 . The off-axis 0 , 15
, and 90 T300/7901 UD composite laminae were tested both experimentally and numerically in tension under off-axis loading. We found that the interface debonding occurred prior to the load reaching its ultimate value at failure. The predicted tensile modulus and the ultimate tensile strength considering constituents' residual stresses are compared with the corresponding measured data in Table 2 . The difference between the test data and a predicted value is listed in the table in parentheses.
It is seen the interface debonding does not influence the composite elastic modulus. This is reasonable since the structural stiffness is an overall property. However, the failure is localized, and the interface debonding significantly decreases the composite ultimate strength.
We have compared in Fig. 8 experimental and predicted ultimate tensile strengths for off-axis loading of the composite laminae considering thermal residual stresses developed during the curing process by designating as follows the curves for other factors included in the analysis.
A Table 7 , we see that the SCFs of the matrix in the transverse direction before and after interface debonding equal 2.37 and 5.54, respectively. By comparing Eqs. 4 and 8, it is clear that without considering these SCFs, the transverse strength will be overestimated. The strengths predicted by considering the interface debonding and the matrix plasticity match very well with the experimental results. The predictions with the idea fiber-matrix interface seem reasonable for the fiber off-axis angle less than 15 , and errors increase with an increase in the fiber off-axis angle. We observe that the ultimate off-axis ultimate strength significantly drops as the off-axis angle is increased from 0 to 15 . For off-axis angles less than 15 , the debonding has less effect on the ultimate strength as the difference between the results with the idea and the debonded interfaces is relatively small. The reason for this is in that no SCF exists in the matrix when a composite is longitudinally loaded. Furthermore, interface debonding only influences the transverse load carrying ability of the composite, as seen from Eq. (4d), and the transverse tensile stresses are small for off-axis angle less than 15 . As shown in Fig. 8 , the predicted loads at the interface debonding equal approximately one-half of the off-axis tensile strengths, implying that an interface debonding may occur far before the ultimate failure load is reached.
Our experimental result of the decrease in the ultimate tensile strength with an increase in the off-axis angle of UD composite qualitatively agrees with the experimental observations reported in Refs. 37-41.
The matrix plasticity seems not to affect much the predicted failure load. However, by comparing predicted results with the ideal interface and no SCFs in the matrix with those for the ideal interface but with SCFs reveal that the importance of considering the SCFs.
We note that for the 30 off-axial tension specimen, the predicted interface debonding load, 47.1 MPa (Fig. 8, dashed line E) , agrees well with the experimental value read from Fig. 7 . The closeness of the computed and the test results of the axial stress versus the axial strain curves for off-axis tension loading, shown in Fig. 9a-f , establish the accuracy of the current analysis (considering interface debonding, SCFs and thermal residual stress) for damage and failure of UD composites. In Fig. 9a-f , the longest curve is the computed results considering ideal (perfect) interface and SCFs. The second longest curve is the predicted results considering ideal interface, SCFs and thermal residual stress. By comparing the second longest curve with the longest curve, we can see that the thermal residual stress can greatly reduce the predicted results of ultimate strength when related to smaller offset fiber angle (<30 ) composite, and lead to better matches to the experimental results. But, significant errors are still found when related to large offset fiber angle (45  , 60  , 75  , and  90 ) composite, as shown in Fig. 9c-f . The present analysis, represented by the third curve in addition to the longest and the second longest ones, agrees best with the experiment data in Fig. 9c-f .
CONCLUSIONS
We have used Bridging Model that incorporates debonding-dependent stress concentration factors (SCFs) to find stresses in the fiber and the matrix of the composite laminate and considering thermal residual stresses developed during the cooling from the cure temperature to the room temperature. Only the transverse tensile strength of a unidirectional (UD) fiber reinforced composite is used to define the critical value of the von Mises stress for identifying debonding initiation between the fiber and the matrix interface. Whereas the 7901 resin properties are derived from our test data in uniaxial tension/compression and torsional loading, material properties for the T300 carbon fibers are taken from the literature. Off-axis UD laminae were tested in tension till failure. For the 30 off-axis T300/7901 UD specimen loaded in tension, the computed load at debonding initiation is found to agree well with the measured one. The work reveals the importance of considering the SCFs in a failure prediction and illustrates that the consideration of matrix plastic deformations has insignificant effect on the predicted ultimate load at failure. The ultimate strength noticeably drops as the fiber angle is increased from 0 to 15 but gradually decreases with further increases in the fiber angle.
